The pressure dependences of the elastic constants and the sound velocities are calculated from first principles for 3C-SiC in the range 0-100 GPa. The sound velocities are found to decrease with increasing pressure for the lowest transverse acoustic ͑TA͒ branches for the ͓110͔ and ͓111͔ sound wave propagation directions. For the ͓100͔ direction they first increase and then decrease at higher pressures. The role of anharmonicity is discussed. In particular, the importance of relaxing the relative position of the two sublattices during the acoustic deformation is emphasized. The relation of these negative TA mode Grüneisen parameters to the strains involved in the high-pressure phase transition from zinc blende and wurtzite to rocksalt are discussed. The phonon modes at X and their mode Grüneisen parameters are also calculated, and the correlation of the ␥ TA (X) with the high-pressure transition proposed by Weinstein is discussed.
I. INTRODUCTION
In order to understand the mechanism of the high-pressure phase transitions in materials, it is important to study their elastic behavior at high pressure. In fact, it was recently pointed out that anisotropic strain plays an important role in certain high-pressure phase transitions. In the case of the wurtzite to rocksalt transition, a sufficiently large orthorhombic strain was found to trigger a relative motion of the two sublattices, leading to the higher-symmetry rocksalt phase. 1, 2 In the case of the zinc-blende to rocksalt transition in SiC, an orthorhombic symmetry path for the intersublattice displacement accompanied by a large strain was proposed by Catti, 3 based on a molecular dynamics study by Shimojo et al. 4 It was subsequently shown by Miao et al. 5, 6 that one may consider the strain as the driving factor behind this transition. The strain may be considered as the long-wavelength limit of acoustic phonons. The question thus arises whether the appropriate elastic constant combination for these strains or the corresponding phonons become softer under increasing pressure. Weinstein 7 pointed out an empirical correlation between the negative mode Grüneisen parameters of the transverse acoustic phonon at X and the transition pressures in various semiconductors. It is, however, not clear how the zone-boundary phonon is related to the transition mechanism. From the point of view of the new insights into the mechanism of the phase transition, it appears more appropriate to consider the mode Grüneisen parameters of longwavelength acoustic phonons near the zone center.
To this end, we here present calculations of the elastic constants in 3C-SiC as a function of pressure and derive from them the pressure dependence of the sound velocities in different directions. The pressure coefficients at zero pressure are directly related to the mode Grüneisen parameters of the acoustic phonons in the long-wavelength limit. In comparing our results to previous work in the literature, 8, 9 we find some discrepancies which are partially explained by the fact that our calculations include certain anharmonic effects while the previous work did not. Because of its importance in the Weinstein model 7 and the contradictory results in the literature on the sign of the TA(X), mode we calculate the phonons at X and their mode Grüneisen parameters. Finally, we discuss how these phonons are related to the strains involved in the above-mentioned proposed phase transition paths and what the relation is to Weinstein's result.
II. COMPUTATIONAL METHOD
First-principles density functional calculations in the local density approximation 10, 11 and using a recently developed new full-potential ͑NFP͒ linear muffin-tin orbital method 12, 13 are performed to obtain the energy as a function of various strains. Application of a traceless ͑volume conserving͒ strain in the ͓001͔ direction provides (C 11 ϪC 12 )/2. Likewise, application of a traceless strain in the ͓111͔ direction gives us 3C 44 /2. Since in this case the relative position of the two sublattices is not determined by symmetry, we need to relax the internal structural parameter u. The relative position of the two sublattices is given by uϭu (1,1,1) . The corresponding unrelaxed value will be denoted C 44 0 . A uniform volume change gives us the bulk modulus Bϭ(C 11 ϩ2C 12 )/3. The three independent elastic constants are then obtained from these three equations. These calculations are repeated for various unit cell volumes, and from the calculated pressurevolume relation, the elastic constants are obtained as a function of pressure.
III. RESULTS AND DISCUSSION
In Fig. 1 we show the dependence of the elastic constants on pressure. In Table I we provide the values of the elastic constants at zero pressure and their pressure coefficient and compare them with experimental data and previous calculations. 8, 9, 14 As a further check of our computational procedure we also provide a few other related parameters such as the equilibrium lattice constant, the zone center transverse optical phonon frequency, and the Kleinman parameter, 15 defined by the bond distance distortion dϭ(1Ϫ)aͱ3/4, where a is the cubic lattice constant and is the compression factor along the ͓111͔ direction.
In terms of these elastic constants and within the continuum limit, the sound velocities are given by
͑1͒
where i indicates the polarization and q the propagation direction of the wave, is the mass density, and C i (q ) is an appropriate combination of elastic constants, given by
The pressure derivatives of the sound velocities are given by dv dp
͑3͒
It is important to note that even though the elastic constants themselves all have positive pressure derivatives, the sound velocity may have a negative pressure coefficient due to the presence of the second term in Eq. ͑3͒, which is related to the variation of the mass density with pressure and because the particular combination of elastic constants entering the sound velocity may have a negative pressure coefficient. For instance the shear modulus (C 11 ϪC 12 )/2 has a negative pressure coefficient. We also note that the other shear modulus C 44 has a fairly small slope, which furthermore decreases at increasing pressure. In fact, in the range of interest C 44 is better fitted by a quadratic equation of the form
with p in GPa.
Another question arising here is whether we should use the relaxed or unrelaxed value of C 44 in this context. Within a quasiharmonic approximation, the vibrational modes are independent of each other and thus the unrelaxed C 44 0 would be applicable. The term ''quasi'' is used here because in a strict harmonic approximation, there would be no pressure dependence. However, the acoustic modes are slow compared to the optic modes related to the intersublattice dis- 11 /dp 3.49 dC 12 /dp 4.06 dC 44 /dp 1.58 dC 44 0 /dp 3.65 placement. Thus, a more accurate treatment is to assume that while the slow acoustic phonon displacement takes place, the sublattices adiabatically adjust their relative position. In some sense, this includes the most relevant anharmonic effect: namely, the interaction between the optic and acoustic modes of the same symmetry. Thus, the more accurate calculation should use the relaxed C 44 .
The results for the sound velocities as function of pressure are shown in Fig. 2 . The values for the sound velocities at zero pressure and their pressure coefficient are given in Table   II . The sound velocity pressure coefficient is closely related to the mode Grüneisen parameter of the acoustic modes in the limit q→0, which are nonanalytic, i.e., depend on the direction q ,
Table II also provides the mode Grüneisen parameters for ease of comparison to the results by Karch et al. 8 From Fig. 2 we can see that the sound velocities for the lowest transverse acoustic branches for wave vectors along ͓110͔ and ͓111͔ indeed decrease, indicating a softening of these phonons under pressure. While most of the sound velocities behave approximately linear with pressure, we note that the transverse sound velocity with polarization ͓001͔, which involves C 44 as elastic constant, behaves parabolically. It first increases as a function of pressure but then decreases above a certain pressure close to the transition pressure. This is because above a certain pressure, the decrease in volume factor ͑i.e., increase in density͒ dominates the slow increase in elastic constant in the sound velocity equation. From Table II , we see that the most negative pressure coefficient corresponds to the ͓11 0͔ polarization for the ͓110͔ propagation direction. Furthermore, this is the lowest sound velocity or the softest mode to begin with.
Comparing our results for the mode Grüneisen parameters with those of Karch et al., 8 we note that they only obtain a negative value for the lowest TA iϭ͓11 0͔, q ϭ͓110͔ direc- tion, all the other ones being positive. This agrees with our results when using unrelaxed C 44 0 elastic constants as is to be expected because these authors used the quasiharmonic approximation. While our agreement with their results for the elastic constants is very good as can be seen in Table I and hence also our sound velocities must be in good agreement with theirs, the agreement for the mode Grüneisen parameters is rather poor. The agreement is much closer for the ͓110͔ and ͓111͔ directions when we compare with our unrelaxed results corresponding more closely to their quasiharmonic approximation. We note that these authors use a completely different computational approach. In fact they use the linear response method combined with soft-pseudopotential plane-wave calculations to obtain the dynamical matrix in the quasiharmonic approximation and from it the full phonon dispersion curves and their mode Grüneisen parameters throughout the Brillouin zone. While our results only relate to the zone center limit, it is clear that the quasiharmonic approximation is not entirely adequate. The discrepancy for the ͓100͔ direction is not understood. We should mention here that the values given in the table for the Karch et al. 8 results were estimated from their figure and have some uncertainty. Furthermore, we note that in their figure the values for ␥ [001] (͓110͔) and ␥ [001] (͓100͔) at ⌫ are not equal as they should according to the continuum limit. We also note here that Karch et al. 8 and Wang et al. 9 obtain a positive mode Grüneisen parameter for the TA phonon at X while earlier calculations by Churcher et al. 16 using a frozen phonon approach obtained a negative value.
We thus also recalculated the phonons at X. Our approach follows basically the one of Churcher et al. 16 We use a doubled unit cell in the z direction, in fact the same as the unit cell employed in Ref. 3 described below, and calculate the forces in response to displacement patterns corresponding to zone-boundary phonons; i.e., the two Si atoms ͑or two C atoms͒ in the unit cell move in opposite directions. The forces are related to the displacements by
in which i is x or z for transverse or longitudinal modes, respectively. We use displacements of only Si or only C to obtain the first and second columns of the force constant matrix. From the force constant matrix K ii (A,B) with A and B standing for Si or C, we then obtain the dynamical matrix D ii (A,B)ϭK ii (A,B)/ͱm A m B and diagonalize it to obtain the frequencies 2 . Our results are given in Table III along with previous results from the literature. Excellent agreement is obtained on most frequencies as well as their mode Grün-eisen parameters except that our calculations confirm the negative mode Grüneisen parameter of the TA(X) mode.
Finally, we return to a discussion of the relation of these sound velocity softenings to the phase transitions. First, we observe that the negative value of the TA ͓11 0͔ mode in the ͓110͔ direction along with a negative value of the mode Grüneisen parameter at X indicates that the whole lowest acoustic phonon branch along the ͓110͔ or ⌫-K direction is softened. In fact, proceeding in this same direction beyond the first Brillouin Zone ͑BZ͒, one ends up at another X point. Thus, the observation by Weinstein 7 of the correlation of this particular mode softening with transition pressure may in fact be coincidental and simply be taken as indicative of the mode softening of the whole branch in this direction. We note that the zone-boundary mode at X is observable by second-order Raman spectroscopy and thus it is natural that the experiments focused on this mode. However, Brillouin scattering could provide information on the sound velocities of the acoustic modes near the zone center as function of pressure.
The strain involved in Catti's path 3 corresponds to changes in the b/a ratio and c/a ratio where a ϭ͓Ϫ1/2,1/2,0͔, bϭ͓1/2,1/2,0͔, and cϭ͓0,0,1͔. The b/a change breaks the fourfold symmetry to orthorhombic and can thus be taken as the driving factor, the c/a changing in response to it. 5, 6 If we consider a change of b/a at constant volume, it corresponds to a pure in-plane strain with principal directions ͓110͔ and ͓11 0͔. This can be considered as the long-wavelength limit of a transverse acoustic mode traveling in the ͓010͔ direction and polarized in the ͓100͔ direction. As can be seen in Table II , this mode has a quite small but positive sound velocity pressure coefficient at zero pressure, but from Fig. 2 one may see that at pressures above the transition pressure it becomes negative. This indicates that at high pressure, the resistance against this strain becomes softer with increasing pressure. This helps partially in explaining why the observed experimental transition pressure ͑100 GPa͒ ͑Ref. 17͒ is significantly higher than the theoretical equilibrium transition pressure ͑56 GPa͒ ͑Ref. 18͒. At higher pressure, the strain required to initiate this transition costs less energy and furthermore as shown elsewhere 6 the barrier is lowered.
The wurtzite to rocksalt transition 1 corresponds also to an orthorhombic strain with two components: a traceless compression along the hexagonal axis and a traceless compression along a ͓101 0͔ direction. The former does not break the hexagonal symmetry while the latter does. The latter corresponds to the long-wavelength limit of a transverse acoustic wave propagating in the basal plane in a direction halfway between the ͓101 0͔ and ͓1 21 0͔ directions or simply (x ϩŷ )/ͱ2 if we choose the Cartesian x axis along the hexagonal lattice vector a 1 and y perpendicular to it in the basal plane. The corresponding sound velocity is v h ϭͱC 66 h / or using the relation between the hexagonal and cubic elastic constants obtained by simply rotating the axes, 19 v h Ϸͱ(C 11 c ϪC 12 c ϩ4C 44 c )/6. Using the values for the cubic elastic constants from Table I , we find that the corresponding sound velocity is 8.14 km/s and its pressure coefficient is Ϫ0.0004 (km/s)/GPa. In other words, it corresponds to a slightly negative mode Grüneisen parameter of Ϫ0.010. This sound velocity is shown as a function of pressure in Fig. 3 . Because of the strong influence of C 44 on this sound velocity, it is seen to obtain a more negative pressure slope at increasing pressure. Furthermore, we note that this strain corresponds to a transverse acoustic mode propagating in the ͓112 ͔ direction with polarization along ͓11 0͔ in the cubic zinc-blende case. It turns out that this strain corresponds to an alternative path closely related to Catti's path as will be discussed elsewhere. 20 
IV. CONCLUSION
Results were presented for the elastic constants, sound velocities, and phonons at X and their pressure dependence in the range 0-100 GPa. Generally, good agreement was obtained with previous work in the literature, although some discrepancies were pointed out. In contrast to previous work, which was based on linear response calculations in the quasiharmonic approximation, our calculations of the sound velocities include the anharmonic effect of the interaction of long-wavelength acoustic phonons with the corresponding optic modes by using the relaxed elastic constants which include the effects of the relative displacement of the sublattices during the acoustic vibration. An interesting nonmonotonic behavior with pressure is predicted for the TA acoustic modes with polarization ͓001͔ and propagation direction ͓100͔ or ͓110͔. In contrast to two recent calculations but in agreement with an older calculation and with expectations based on interpolating between Si and C and general trends in other semiconductors, we find the TA(X) mode to have a negative mode Grüneisen parameter.
Furthermore, we find that the strains involved in the wurtzite and the zinc blende to rocksalt phase transitions according to recently proposed strain-induced transition paths correspond to negative mode Grüneisen parameters for the corresponding long-wavelength transverse acoustic phonons, either at zero pressure ͑wurtzite case͒ or when considered at elevated pressures above a pressure close to the transition pressure. This indicates a softening of the lattice towards these strains with increasing pressure, which in turn suggests that these mode softenings are closely related to the high-pressure transition mechanism. The negative mode Grüneisen parameter of the TA͑X͒ phonon, on the other hand, which was correlated with the phase transition pressure by Weinstein, 7 is only indirectly related to the phase transition in the sense that it provides an experimental signature of the softening of the entire TA branch along the ͓110͔ direction.
We are not aware of any measurements of the pressure derivatives of the sound velocities for SiC. Such measurements would be useful to confirm our predictions and could be done by studying Brillouin scattering in diamond anvil cells.
